A protein designated ABAP1 and encoded by a novel gene (GenBank TM accession number AF127388) was purified and shown to specifically bind abscisic acid (ABA). ABAP1 protein is a 472-amino acid polypeptide containing a WW protein interaction domain and is induced by ABA in barley aleurone layers. Polyclonal antiidiotypic antibodies (AB2) cross-reacted with purified ABAP1 and with a corresponding 52-kDa protein associated with membrane fractions of ABA-treated barley aleurones. ABAP1 genes were detected in diverse monocot and dicot species, including wheat, tobacco, alfalfa, garden pea, and oilseed rape. Our data show that ABAP1 exerts high binding affinity for ABA. The interaction is reversible, follows saturation kinetics, and has stereospecificity, thus meeting the criteria for an ABA-binding protein.
The plant hormone abscisic acid (ABA) 1 regulates various physiological processes in plant development and is a key hormone in plant abiotic stress responses. These roles include agronomically important processes, such as its involvement in seed dormancy, synthesis of storage proteins, and lipid accumulation (1, 2) and its mediation of stress-induced processes (3) . Following perception of ABA by plant cells, the cellular responses can be either very quick, such as ion channeling in guard cells, or slow requiring changes in gene expression (reviewed in Ref. 4) . In both situations, it is assumed that the cellular response to ABA requires some kind of interaction between ABA molecules and receptors followed by protein phosphorylation that finally target the transcription of genes involved in stress-induced processes (4, 5) . The interest in understanding ABA signal transduction has led to the identification of ABA mutants (6, 7) that have different responses to ABA. Although the molecular mechanism underlying ABA perception is still poorly understood, encouraging but fragmentary evidence has emerged from studies on cellular fractions with ABA binding properties. In fact, the search for ABA receptors has been boosted by the identification of other plant hormone receptors, such as ethylene (8) , auxin-binding protein (9) , and cytokinin receptors (10) . There has been no success, unfortunately, in characterizing putative ABA receptors even with the use of genetic approaches (4) . High affinity binding sites for ABA have been reported, however, in membrane fractions and guard cell plasmalemma of Vicia faba (11, 12) , microsomal fractions from Arabidopsis thaliana (13) , and the cytosol of the developing flesh of apple fruits (14) , and more recently, an ABA-specific binding protein was purified from the epidermis of broad bean leaves (15) . Studies on ABA action in barley aleurones revealed two possible but different perception sites for ABA. Monitoring the physiological effects of the microinjected or medium-added ABA has determined that the inhibition of gibberellic acid by ABA is perceived at the plasma membrane (PM), whereas ABA induction of the ABA-responsive Em:GUS is likely to occur in the cytosol (16 -19) . In both aleurone and guard cells, in which ABA action is better understood, it is believed that ABA signaling is operating through a kinase pathway that is likely dependent on Ca 2ϩ levels following ABA perception by a plasma membrane-associated ABA receptor (20) . So far, there has not been any biochemical or molecular characterization of putative ABA receptors, particularly for those suggested to occur in the cytosol. Because of difficulties in purifying ABA-binding proteins, most studies on ABA binding have been carried out by either using total extracts or histochemical probes. Furthermore, it has always been difficult to relate these proteins to any physiological role of ABA in plants (4, 21) . Studies of the ABA-insensitive 1 (ABI1) locus of Arabidopsis mutants have revealed that protein phosphatase 2C is involved in ABA signal transduction (22) (23) (24) . More recently, reactive oxygen species were found to be rate-limiting second messengers in ABA signaling (25, 26) . These lines of evidence suggest that ABA signal perception and transduction involves several components and that ABA binding to a proteinaceous receptor is, at least, one phase of the transduction process. It is not known whether one or more receptors are involved in a single cellular event, but studies using optically pure ABA analogs have shown different stereochemical requirements of ABA, indicating that several ABA receptors may exist (5, (27) (28) (29) (30) .
Despite numerous attempts to isolate membrane-bound hormone receptors in plants, little progress has been made in identifying ABA receptors because of their low abundance relative to other proteins in plant cells. One approach to identify a putative ABA receptor is to clone and characterize an ABAbinding protein (5) . Anti-idiotypic antibodies (AB2) have been used to identify and isolate animal hormone receptors (31) (32) (33) and to clone an ABA-induced gene in barley aleurone (34) . In this study we describe the purification and characterization of an ABA-binding protein encoded by a novel gene cloned (GenBank TM accession number AF127388) from ABA-treated barley aleurone using AB2 antibodies.
EXPERIMENTAL PROCEDURES
Chemicals-All of the chemicals were purchased from Sigma unless otherwise stated. Authentic ABA metabolites (28) were used for the stereospecificity studies and were provided by the National Research Council of Canada (Saskatoon, Saskatchewan). The AB2 antibodies were obtained from Shyam S. Mohapatra (University of South Florida, Division of Allergy and Immunology, Tampa, FL).
Preparation of Aleurones and Plasma Membrane Isolation-Aleurone layers were prepared from mature barley seeds (cv. Harrington) as described earlier (35) . After incubation with 10 M ABA for 24 h, the aleurones were air-dried, and collected tissue was immediately frozen in liquid nitrogen and either stored at Ϫ20°C until used or first ground to a fine powder in a prechilled pestle and mortar. Microsomal fractions were obtained by homogenizing ground tissue in homogenization buffer (100 mM MES buffer, pH 5.5 (5 ml g Ϫ1 ), containing 250 mM sucrose, 3.0 mM EDTA, 10 mM KCl, 1.0 mM MgCl 2 , 0.5 mM phenylmethylsulfonyl fluoride, and 1.0 mM freshly prepared dithiothreitol). The homogenate was filtered through four layers of cheesecloth and centrifuged for 10 min (15,000 ϫ g) at 4°C. The filtrate was centrifuged at 111,000 ϫ g for 65 min (4°C), and the pellet, i.e. crude microsomal fractions, was used to isolate PM by dextran-polyethylene glycol aqueous two-phase partitioning as described (36) with minor modifications (37) . Cytosolic proteins were obtained from the 111,000 ϫ g supernatant (before phase partitioning), and the protein concentration was measured (38) . ATPase and NADPH-cytochrome c reductase activities were measured according to Hodges and Leonard (39) Isolation of cDNA Clones-A gt22A phage library was constructed using mRNA isolated from ABA-treated barley aleurone and a Superscript gt22A cDNA construction kit (Invitrogen). The phage expression library was screened with the AB2 antibodies (40) . Positive clones were isolated, and the cDNA clones longer than 0.9 kb were subcloned into the NotI/SalI site of pBluescript SK vector. To obtain the fulllength cDNA for clone aba33, PCR amplification of aba33 positive phage from cDNA library was carried out using a primer designed from the 5Ј-end sequences of aba33 and a self-designed primer for gt22A. The cDNA was sequenced by the dideoxy procedure using the doublestranded DNA cycle sequencing kit (Invitrogen), and the sequence is available in GenBank TM (accession number AF127388). The coding region of the gene was amplified by reverse transcription-PCR with forward and reverse primers containing restriction enzyme linker sequences (ABA link F, 5Ј-CGGGATCCATGAATTCTCTTAGT-GGGACTTA-3Ј; ABA link R2, 5Ј-CTAGTCTAGATGCAGTCAACTTT-TCCAAGAAC-3Ј). The PCR product was ligated into the BamHI/XbaI restriction site of the expression vector pPRoExHTb (Invitrogen) before being transformed into Escherichia coli strain DH5␣ (Invitrogen). One clone (aba14) showing high expression of ABAP1 recombinant protein was selected for protein purification and characterization studies.
Expression and Purification of ABAP1 Recombinant Protein-Expression and purification of ABAP1 that carry a carboxyl-terminal His 6 tag was carried out using the QIAexpress Purification System by affinity chromatography on Ni 2ϩ -nitrilotriacetic acid-agarose columns (Qiagen) according to the manufacturer's instructions. Because the ABAP1 was highly insoluble because of the association with inclusion bodies, the following modifications to the manufacturer's protocol were carried out. Seventy ml of LB were infected by an overnight 10-ml culture of recombinant aba14 clone (plus 100 mg liter Ϫ1 ampicillin) and incubated for 30 min at 37°C until the A 600 reached 0.5. The expression of ABAP1 was induced by the addition of 1 mM isopropyl-␤-D-thiogalactopyranoside, and the culture was allowed to grow for 4 h at 37°C. Following induction, the culture was centrifuged to pellet the cells; resuspended in 5 ml g Ϫ1 lysis buffer, pH 8.0 (50 mM NaH 2 PO 4 , 300 mM NaCl, and 10 mM imidazole), that also included 15% glycerol, 250 mM sucrose, and 0.5% (w/v) SDS; left on ice for 15 min; and frozen/thawed before sonication (6 ϫ 10 s at 200-300 W with 10-s rests). The addition of SDS was important to solubilize the protein, but it was later excluded from all subsequent purification steps, whereas sucrose was added to provide stability and to decrease the amount of detergent needed for solubilization (41) . Following centrifugation at 10,000 ϫ g at 4°C for 25 min, the supernatant was mixed with 1 ml of 50% Ni 2ϩ -nitrilotriacetic acid by shaking (200 rpm on rotary shaker) at 4°C for 60 min before loaded on a column, washed with 8 ml of washing buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 30 mM imidazole), and then eluted with elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 300 mM imidazole). Because the protein activity was maintained following purification, no refolding steps were needed (42) , but the protein was supplemented with 15% glycerol and 250 mM sucrose to provide stability following purification. Although most binding assays were carried out using a freshly prepared ABAP1, it was possible to store the protein with 25% glycerol (v/v) at Ϫ80°C. The protein concentration was determined using a Bradford assay (38) .
SDS-PAGE and Western Blot-The anti-(ϩ)-ABA monoclonal antibody (15-I-C5) (1 g), purified ABAP1 protein (0.5 and 1 g for immunoblotting), and membrane and cytosolic fractions (ϳ25 g) were loaded on a discontinuous SDS-PAGE (15% separation gel) minigel system (Bio-Rad) and separated according to the manufacturer's instructions. The proteins were transferred to polyvinylidine fluoride Millipore Immobilon-P membrane using a tank-blotting chamber (Hoefer), and the blots were blocked for 60 min at room temperature in blocking buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05 Tween 20, and 5% milk powder). After washing with washing buffer (Tris-buffered saline, 0.05% Tween 20), the blots were incubated with AB2 antibodies (1:1000 dilution of 1.12 mg/ml) for 60 min at room temperature. The blots were washed twice for 10 min followed by a 15-min wash in washing buffer and subsequently incubated with secondary antibodies (1:1000 dilution, anti-mouse conjugated with alkaline phosphatase) for 60 min. The blots were washed as above and finally with double distilled H 2 O (10 min). The blots were then immersed in staining buffer containing nitroblue tetrazolium (5% w/v) and 5-bromo-4-chloro-3-indolyl phosphate (5% w/v) in alkaline phosphatase buffer (100 mM Tris, pH 9.5, 100 mM NaCl, and 5 mM MgCl 2 ) for 10 min before the reaction was stopped by double distilled H 2 O, and the blots were left to dry overnight at room temperature.
Preparation of RNA, RNA Blotting, and Northern HybridizationTotal RNA was isolated by using acid phenol procedures described elsewhere (43) . Poly(A) ϩ mRNA was isolated using oligo(dT)-cellulose (40) . The agarose gel electrophoresis of RNA followed methods described previously (44) . Various amounts of mRNAs and 100 g of total RNA (barley aleurone) were separated on a 1.5% denaturing agarose gel containing 2.2 M formaldehyde, 0.5 g ml Ϫ1 ethidium bromide, and the separated RNAs were alkaline-transferred to Hybond N ϩ nylon membrane (Amersham Biosciences). The membranes were hybridized to an oligolabeled cDNA of clone ab33 under stringent conditions (6ϫ SSC, 5ϫ Denhardt's solution, 2% SDS, 100 g ml Ϫ1 herring sperm DNA at 68°C). The filters were finally washed in 0.2ϫ SSC, 0.1% SDS at 65°C and autoradiographed at Ϫ70°C with an intensifying screen.
Genomic DNA Isolation, Blotting, and Southern Hybridization-The genomic DNAs were prepared from different plants using a modified acetyl-trimethylammonium bromide procedure as follows. The plant tissue was frozen in liquid nitrogen, ground into a fine powder, immediately placed in 1% hot acetyl-trimethylammonium bromide buffer (1% acetyl-trimethylammonium bromide in 100 mM Tris, pH 7.5, 10 mM EDTA, 400 mM NaCl, 0.14 M ␤-mercaptoethanol), and incubated at 60°C for 1 h. The genomic DNA was precipitated after phenol/chloroform extraction and RNase A digestion. The genomic DNA was digested with BamHI restriction enzyme. After separating the digested DNA in a 0.7% agarose gel and alkaline transfer to Hybond N ϩ Nylon membranes, the blots were hybridized with the cDNA probe, ab33, under the conditions described above for Northern hybridization.
ABA Binding Assays-Purified ABAP1 and total PM protein were used to determine the ABA binding activity as described (15) with some modifications as follows. Generally, the incubation medium consisted of 25 mM Tris-HCl buffer, pH 7.3 (except when testing ABA binding at different pH), and 250 mM sucrose, 5 mM MgCl 2 , 1 mM CaCl 2 , 50 nM 3 H-(ϩ)-ABA (except when the kinetics of ABAP1 was determined), and 10 g of ABAP1 or the equivalent of 50 g of PM protein. Other additions or changes to the incubation system are discussed in the figure legends. All of the binding assays were carried out at a final volume of 150 l at 4°C for 1 h. The mixture was then rapidly filtered through a nitrocellulose membrane, washed with 5 ml of cold 0.5ϫ binding buffer by rapid filtration, dried in air, and counted in a scintillation counter (Wallac 1414 WinSpectral v1.40). To ensure the efficiency of membrane washing and that only bound 3 H-(ϩ)-ABA was counted, aliquots of the binding mixtures were mixed with a 100 l of 0.5% (w/v) DCC (Dextran T70-coated charcoal) to remove any free ABA by adsorption. The DCC-binding mixture was maintained for 15 min on ice before centrifugation to precipitate DCC. The resultant supernatant was then counted in a scintillation counter to determine the binding activity. The results from both were comparable with slight differences. Heat-denatured ABAP1 protein was used to determine the protein nature of the ABAP1, and bovine serum albumin was used as a control. All of the binding studies were carried out using three different protein purifications (ABAP1 studies) with triplicate assays for each purification. The binding assays using PM were carried out in triplicate with PM obtained from two isolations. For the competitive assays, ABA analogs and precursors ((Ϫ)-ABA, trans-ABA, PA, DPA, ABA-aldehyde, ABA-alcohol, and ABA-GE) were added at the same time as 3 H-(ϩ)-ABA at different concentrations (20 -5000 nM). Specific binding was calculated by taking the difference for assays with only 3 H-(ϩ)-ABA (total binding) and assays that also contained 5 M (ϩ)-ABA added at the same time as 3 H-(ϩ)-ABA (nonspecific binding). Binding was represented as the number of moles of 3 H-(ϩ)-ABA/mol of ABAP1 protein for the purified ABAP1 or the number of nmol of 3 H-(ϩ)-ABA/g of PM total protein.
RESULTS

AB2 Antibodies Recognize the Antigenic Determinant of 15-I-C5
-To determine whether AB2 antibodies could recognize the antigenic determinant of the monoclonal antibody 15-I-C5, heavy and light chains were separated, loaded on SDS-PAGE, and probed with purified AB2. The AB2 antibodies strongly cross-reacted with the heavy chain of 15-I-C5 (Fig. 1) , where the antigen binding structure is presumably formed.
Expression, Purification, and Cellular Localization of ABAP1 Protein-The ABAP1 protein was efficiently expressed under optimal induction and growth conditions of 1 mM isopropyl-␤-D-thiogalactopyranoside at 37°C (Fig. 2A) . However, the vast majority of the protein was associated with the insoluble fraction even when modifications were made to the expression system by either reducing temperature or isopropyl-␤-D-thiogalactopyranoside concentration (data not shown). Although ABAP1 could not be obtained in the soluble fraction following cell lysis, because of its association with inclusion bodies, it was possible to solubilize enough protein by the addition of 0.5% SDS to carry out purification using the QIAexpress purification system. The purified ABAP1 protein appeared as a single band on SDS-PAGE with an apparent molecular mass of 52 kDa ( Fig. 2A) . When purified APAP1 protein was probed with AB2 polyclonal anti-idiotypic antibodies, a single band of the same molecular mass was detected (Fig. 2B) .
To determine the cellular localization of ABAP1, membrane and cytosolic protein extracts from non-ABA-treated and ABAtreated aleurone layers were separated by SDS-PAGE, blotted onto polyvinylidine fluoride membrane, and probed with AB2 antibodies. The AB2 polyclonal anti-idiotypic antibodies did not recognize any proteins from the cytosolic fractions of either non-or ABA-treated aleurones (Fig. 2B ). AB2 antibodies detected, however, a protein with appropriate molecular mass (52 kDa) in the PM of ABA-treated aleurones (Fig. 2B) . The quality and purity of PM isolation were verified (over 90% purity) using appropriate marker enzyme assays as described under "Experimental Procedures" (data not shown).
Primary Structure of ABAP1-Hydropathic analysis of the amino acid sequence indicates that ABAP1 is a hydrophilic protein, having neither hydrophobic domains long enough to form membrane-spanning ␣-helices (Fig. 3) nor a classical signal peptide. ABAP1 possesses a carboxyl-terminal WW protein interaction domain (Fig. 4) that is characterized by two highly conserved tryptophan residues and a proline residue. The WW domain in ABAP1 generally fits the consensus sequence LXXGWtX 6 GtX(Y/F)(Y/F)h(N/D)HX(T/S)tT(T/S)tWXtPt (where t ϭ turn-like or polar residue, and h ϭ hydrophobic amino acid; bold letters indicate invariant residues) (45) . Where there were deviations from the consensus sequence, more hydrophilic amino acids were substituted. Fig. 4 shows the alignment of the ABAP1 WW domain with that of a flowering time control protein (FCA) from Arabidopsis (46) and the formin-binding protein of humans (47) and mice (48) . ABAP1 showed reasonable sequence identity with FCA proteins, particularly with that of rice (56% identity).
ABAP1 Genes in Barley and Other Plant Species-Genomic DNAs from various monocot and dicot plant species, including barley, wheat, alfalfa, tobacco, oilseed rape, mustard, garden pea, and white clover, contained ABAP1-positive genes as demonstrated by Southern blot analysis (Fig. 5A) . More than one ABAP1-positive band was detected in many of these plant species.
Two prominent transcripts of ϳ2.6 and 1.8 kb were detected in Northern blot analysis of total RNA from barley aleurone and ABA-treated (lane 6) were isolated by aqueous two-phase partitioning as described under "Experimental Procedures." Lane 7 is ABAP1 as a positive control (ϳ1 g). All of the membrane and cytosolic fractions were loaded at ϳ25 g. (Fig. 5B ), in keeping with the observations from the Southern analysis. Although two transcripts could be observed in embryo and aleurone extracts, no hybridization signals were observed in RNA extracted from barley leaves. The 1.8-kb transcript corresponds to the size of ABAP1 cDNA.
ABA Binding and Kinetic Properties of ABAP1-Binding of 3 H-(ϩ)-ABA to the purified ABAP1 protein linearly increased with increasing concentrations of ABAP1 in the assay medium (data not shown). Heat-denatured protein had no ABA binding activity as compared with ABAP1 (Fig. 6A) . As a control, bovine serum albumin was used and showed no binding activity as well (Fig. 6A) . The 3 H-(ϩ)-ABA binding to ABAP1 was sensitive to pH, and maximum activity was achieved at pH 7.3 (Fig. 6B) .
The binding capacity of ABAP1 was reversible. The time course of ABA binding activity reached 50% binding activity after 18 min of incubation and attained equilibrium at ϳ50 min (Fig. 7 ). The interaction of 3 H-(ϩ)-ABA with ABAP1 was rapid, and the maximum binding activity (Ϸ0.73 mol mol Ϫ1 protein of total binding) (Fig. 7, inset) remained stable for at least additional 3 h. At equilibrium, the dissociation kinetics were followed by the addition of 5 M unlabelled (ϩ)-ABA. Binding was reversible (Fig. 7) , and dissociation continued until the background level was reached (less than 10%) after almost 2 h. Specific binding to purified ABAP1 and PM was saturable with increasing amounts of 3 H-(ϩ)-ABA. Nonspecific binding was linear and always less than 10% of the total binding (Fig.  8, A and C) . When the data points from the ABAP1-saturable binding assays were transformed to a Scatchard plot, a linear function (r 2 ϭ 0.94) was observed (Fig. 8B ). ABAP1 bound ABA at a ratio of ϳ0.8 mol of ABA mol Ϫ1 protein (Fig. 8B) , whereas the total membrane proteins bound ABA at ϳ330 nmol g Ϫ1 protein ( Fig. 8D) with a linear function of r 2 ϭ 0.96. If the observed binding of ABA in the plasma membrane was all due to ABAP1, the proportion of the total plasma membrane protein fraction represented by ABAP1 would be 1.7%. The Scatchard plot showed one possible binding site for ABAP1 and membrane proteins with K d values calculated to be ϳ28 and 26.5 nM, respectively.
Stereospecificity and Structural Requirement of ABAP1-The specificity of ABAP1 binding to the physiologically active (ϩ)-ABA was tested by displacing 3 H-(ϩ)-ABA with either unlabelled (ϩ)-ABA (control) or ABA analogs and precursors. To test the specificity of ABAP1 to the physiologically active (ϩ)-ABA, unlabelled but higher concentrations of ABA analogs or metabolites were added to the incubation medium, and the 3 H-(ϩ)-ABA binding activity was counted. Competition assays with trans-and (Ϫ)-ABA showed that these two analogs do not compete for the ABAP1-binding site (Fig. 9A) , nor do ABA-GE, PA, or DPA (Fig. 9, B and C) . Although ABA-GE could not replace 3 H-(ϩ)-ABA, ABA aldehyde and alcohol precursors were able to displace it at different capacities (Fig. 9B) . DISCUSSION ABA Perception in Aleurones-In theory, ABA should act through a pathway that is similar to other plant hormones by binding to a receptor and triggering a signal transduction pathway leading to a cellular response. Studies on other hormonebinding proteins have shown that hormone perception may occur either on the PM, in the cytosol, or on cell organelles, such as the endoplasmic reticulum (e.g. auxin-binding proteins) (9) . It is therefore desirable to understand where a particular hormone is perceived when studying its signal transduction pathway because the location of a hormone-binding protein can help in understanding its functional role. For example, the auxin-binding proteins that are bound to PMs are involved in early physiological responses (e.g. ion fluxes), whereas those on the endoplasmic reticulum are involved in later cellular responses (e.g. cell elongation) (9) . For ABA perception, only the PM and cytosol have been suggested to be sites for ABA perception with no evidence of organelle-bound perception (e.g. 13, 14, 15, 21) . In our hands, the cross-reactivity of AB2 antibodies with a corresponding protein from PM prepared from ABAtreated aleurone (Fig. 2B) is an indication that ABA perception may take place at the PM, in agreement with other studies on ABA perception by aleurone cells (16, 20) . This is also supported by the abundance of ABAP1 in membrane fractions as appeared by Western blot (Fig. 2B) . ABAP1 does not appear to be in the cytosol, or if it exists, in a very small amount that is below the level of detection. ABA perception sites were also reported on the PMs of A. thaliana (13) , V. faba (21) , and the epidermis of broad bean leaves (15) . In agreement with the immunodetection results, the genes of ABAP1 were also induced in aleurone layers and exist in embryos, but there is no evidence for their expression in the leaves of barley (Fig. 5B) . ABAP1 genes also appeared in other plant species, as shown by Southern blot (Fig. 5A ), an indication of the possible universal nature of ABAP1.
The question of whether hormone concentration or hormone sensitivity is the pivotal factor in ABA response has been an issue for some time (49, 50) . In this instance, assuming the protein does prove to act in the ABA signal transduction process, the induction of ABAP1 gene expression by ABA itself would support the argument for ABA sensitivity. Similarly, its lack of expression in leaves would argue for multiple ABA receptors, as has been suggested by others (reviewed in Ref. 5) .
AB2 Antibodies Recognize the Binding Site of ABAP1-The cross-reactivity of AB2 antibodies with the purified ABAP1 (Fig. 2B) suggests that this protein contains a binding site capable of binding (ϩ)-ABA. It also suggests that AB2 possessed epitopes that mimicked ABA in their reaction with other proteins. AB2 antibodies recognized the binding site of the anti-(ϩ)-ABA-specific monoclonal antibody (15-I-C5) injected in the Balb/c mice as the antigenic determinant (Fig. 1) . The cross-reactivity of AB2 antibodies to the heavy chain of 15-I-C5 suggests that AB2 antibodies recognize a part of the antibody structure that is foreign to the Balb/c mice, i.e. the antigenbinding structure, and not the whole structure of 15-I-C5. It has been reported that the 15-I-C5 antibodies have a strict structural requirement for recognizing the side chain of ABA from C-1 to C-1Ј, with higher specificity for ABA analogs having the same absolute configuration at C-1Ј as (S)-(ϩ)-ABA (51). It was also suggested that the antibody would be a suitable candidate for preparation of anti-idiotypic antibodies (51) that recognize the binding site of the monoclonal antibody. The AB2 antibodies were previously used to screen cDNA libraries of ABA-treated barley aleurones for ABA-induced genes and two genes, designated aba45 (34) and ab33 (GenBank TM accession number AF127388), from which our ABAP1 was derived, were cloned.
ABAP1 Structure and Genes-The GenBank TM sequence of ABAP1 suggests that the protein is highly hydrophilic, despite the fact that it is attached to microsomal membrane fractions of aleurone cells (Fig. 2) . ABAP1 also possesses a WW domain (Fig. 4) that is a site for interaction with other proteins (45) . It is therefore possible that ABAP1 may be membrane-bound through its WW domain. The WW domains have been implicated in cell signaling and regulation and are believed to act by recruiting proteins into signaling complexes (45) . The presence of a WW domain can therefore reasonably explain the cellular localization of the protein but also suggests that the nature of some ABA-binding proteins may be considerably different than anticipated. For example, the lack of a signal peptide, the hydrophilic nature of the protein, and the lack of KDEL targeting peptide sequences suggest that ABAP1 is a cytosolic protein, which is inconsistent with observations that the primary ABA-binding site in the signal transduction process is likely membrane-associated (16, 52) . AB2 antibodies recognized an aleurone membrane protein (Fig. 2B) and (ϩ)-ABA bound to aleurone plasma membranes (Fig. 8, C and D) . The evidence would therefore favor binding of ABAP1 to the cytosolic side of the plasma membrane, unless this hydrophilic protein (Fig. 3) is translocated outside the membrane by an unique process.
There are examples of proteins containing WW domains that do interact with membrane proteins. The protein dystrophin, located at the PM of skeletal muscles, binds to a transmembrane glycoprotein through a WW domain (53) . The domain interacts with proline-rich sequences, and there is evidence to suggest that binding, in some instances, may require phosphorylation of a serine or threonine in the ligand (54) , in an analogous fashion to SH2 domain binding to proteins containing phosphorylated tyrosine (55) or 14-3-3 protein binding to phosphorylated serine residues in target proteins (56) . Several of the identified proteins containing these domains regulate protein turnover in the cell and, in so doing, regulate other cellular events. Thus, Nedd4 is a ubiquitin protein ligase that binds a sodium channel protein, targeting it for turnover (45) . A similar role for ABAP1 would be consistent with what is known of ABA action in, for example, the effect of ABA on protein accumulation in barley aleurone layers (57) . Several proteins containing WW domains bind to protein phosphatases (58) or kinases (59) . This presents another possible function for ABAP1 because studies on the ABA-insensitive 1 (ABI1) locus of Arabidopsis mutants have revealed that a protein phosphatase 2C is involved in ABA signal transduction (22, 23) .
There have been few examples of the presence of WW domains in plant proteins. A strong promoter of the transition to flowering in Arabidopsis has been shown to contain two RNA domains and a WW domain (46) , suggesting that it may function as a post-transcriptional regulator in the flowering process. There is no evidence of RNA-binding domains in ABAP1, making it unlikely that the protein would function as a posttranscriptional regulator.
ABAP1 Expression and Purification-Genetic analyses of mutants with altered responses to plant hormones have proved invaluable in receptor-signal transduction studies but have failed so far to identify any putative ABA receptor (4) . Attempts to study the early events of ABA action led to some success in describing cellular extracts with different ABA binding affinities (11) (12) (13) (14) . The major impediment to isolating ABA-binding proteins has been attributed to their low abundance relative to other proteins, their sensitivity, and their association with insoluble cell components. The recombinant protein approach that we have employed was intended to circumvent some of these problems, but even then, we encountered difficulties with protein solubility. It was necessary to include low amounts (0.5%) of SDS during cell lysis to solubilize enough protein for purification while maintaining its catalytic activity. Unlike the case with most denaturants such as urea, detergent-solubilized proteins are often active and do not require a refolding step (42) as long as any excess of detergent is washed following lysis. To avoid further possible negative effects on protein and to maintain its stability, SDS was eliminated from all washing and elution steps, and sucrose (250 mM) and glycerol (15-25% v/v) were supplemented to compensate for the lipid environment and to provide stability to preserve the protein functional conformation (41, 42) . When protein storage was desired, glycerol and sucrose were found to be critically important for protein activity after freezing. The catalytic activity has been confirmed by the ability of the purified ABAP1 protein to bind ABA at a high mole-to-mole ratio relative to the denatured protein (Fig. 6) . The failure of ABAP1 to bind ABA with 1:1 ratio does not necessarily mean that part of the protein is denatured. It could rather mean that some of the binding sites are either unavailable (e.g. improper folding) for binding or inactivated because of various factors during purification. Unfortunately, there is only one study to compare with on mole-to-mole bases using a purified protein (e.g. 0.87 mol of ABA mol Ϫ1 protein) (15) . Furthermore, it should be noted that using detergents at low concentrations to solubilize receptor proteins is sometimes unavoidable, including for proteins with ABA binding affinities (e.g. CHAPS (13) and Triton X-100 (15)). This is likely because most receptor proteins are found to be on the plasma membranes and associated with hydrophobic domains.
ABAP1 Binding and Kinetic Properties-Studies involving ABA have mostly focused on the end components (i.e. gene expression and phenotypic analysis) of the ABA action (60 -64), and only a few studies have been devoted to the early steps involved in signal transduction, such as ABA-receptor interactions (15) . Here we describe a recombinant ABAP1 protein that shows the natural characteristics of a plant receptor protein, such as affinity and reversibility. ABAP1 bound ABA with a maximum specific binding of 0.8 mol of ABA mol Ϫ1 protein at an equilibrium dissociation constant (K d ) of 28 nM. The linear character of the Scatchard plot (r 2 ϭ 0.94) is taken as an indication of a single potential binding site.
To confirm the existence of a natural analog for ABAP1 in aleurones and that it binds ABA in the membrane fraction, we performed saturation binding assays using PM fractions to determine the K d . The similarity of the dissociation constant for the isolated protein and that of the plasma membrane fraction (26.5 nM) illustrates that the two binding sites are likely identical (15) , an indication that ABAP1 has a natural analog in the membrane fractions of aleurone. Cytosolic fractions showed no such binding of ABA (data not shown). Both the immunoblot data (Fig. 2) and the proportion of ABAP1 protein in PM fractions calculated from ABA binding analysis (Fig. 8) indicate that the amount of ABAP1 in PM fractions may be considered quite high (approaching 2%) for a protein with a possible function as a hormone receptor. Although there remains the possibility that ABAP1 is not a component of the ABA signal transduction pathway, the amount of ABAP1 is of the same order of magnitude of another ABA-binding protein (15) that does show physiological activity.
The pH dependence of ABAP1 (Fig. 6B) is consistent with earlier reports on the effect of pH on ABA function (11, 15, 52, 65) , showing that ABA was more effective at pH 7.3 than either acidic or alkaline pH. This is in contrast to the pH binding optimum of 5.3 found for ABA binding in apple fruit extracts (14) . ABAP1 would also have minimal binding at the pH optimum (pH 6.5) of the ABA-binding protein from broad bean (15) . Under drought stress, the compartmental pH of mesophyll, epidermis, guard cell, and phloem sap is shifted toward neutrality (66) , suggesting that pH shifts under drought conditions might favor ABA binding to its receptor and so induce its function (66, 67) . The present results would support this inter-pretation (Fig. 6B) . Furthermore, ABAP1 showed reversibility (Fig. 7), saturability (Fig. 8) , and high affinity to the physiologically active form of ABA, thus meeting all characteristics of a receptor protein. The amount of ABA bound to the protein increased in a linear function with ABAP1 concentration but not with respect to bovine serum albumin nor denatured ABAP1 (Fig. 6A ). This is a clear indication that binding of ABA is specific to native ABAP1. This specificity was also confirmed by using ABA metabolites or ABA analogs that might be expected to compete for the same binding site. Virtually no displacement of 3 H-(ϩ)-ABA binding was seen when (Ϫ)-ABA, trans-ABA, PA, DPA, and ABA-GE were supplied in the binding assay (Fig. 9) , an indication of the stereospecificity of ABAP1 to the physiologically active (ϩ)-ABA. Zhang et al. (15) have shown a similar requirement for the active form of ABA in an ABA-binding protein from broad bean leaves. The binding activity that was seen when (ϩ)-ABA alcohol and (ϩ)-ABA aldehyde were used (Fig. 9B) suggests that the ABAP1-binding site tolerates, to some extent, alteration to the C-1 position of ABA. Both aldehyde and alcohol are ABA precursors that have previously been shown to have physiological activity (68) . It is interesting that the glucose ester of ABA (ABA-GE), could not displace 3 H-(ϩ)-ABA, in agreement with the physiological role of this ABA ester (69) . Therefore, the structural requirements of ABAP1 match the roles of these analogs and precursors in the biological systems (30, 68, 69) .
In summary, a gene encoding a protein, ABAP1, has been cloned from a barley aleurone cDNA library using a polyclonal anti-idiotypic antibody (AB2). The gene encodes a protein of about 52 kDa that can be identified in the membrane fractions of barley aleurone cells and its genomic DNA appeared in several plant species. The ABAP1 protein was shown to specifically bind (ϩ)-ABA at a mole-to-mole ratio and has the characteristics of being a receptor protein because it shows reversibility, saturability, and high binding affinity.
